
d O(ý,7 A.U.W.E. Tech. Note 636/79
661'.3t 0c, CT____________

8~3.385 CopyN.

A Mý-ATHEMATICALM~ODEL' OF WATER ENTRY
~~~~)~~~ _ _ _ _ _ _ _ _ _ _ _ _

-00
~0

z

ADMIRALTY UNDERWATER WEAPONS ESTABLISHMENT

W PORTLAND

5 BEST AVAILABLE COPY

3CD

~.UKI UNCLASSIFIEID/UNLIMITED
,- f

-i . ~ - . . - ~ -- -. ,.~

q"'



UNCLASSIFIED/UNLIMITED (iii)

UDC No 681.3.06: AUWE Technical Note No 636/79
532.582.8: October 1979
623.565.6

t

A MATHEMATICAL MODEL OF WATER ENTRY. (U/U)

by

A M Mackey

iC9

.--

•,' @® Controller HM4SO London 1979 U2CQASIFIEDULILMITED



(iv) UVCLASSIVIMD/UNLIMITED

CONTENTS
Page No

Duplicate Front Cover ... ... ... ... ... W.. ..

(ii) Blank

Title Page ... ... ... ... ... ... ... ... ... (iii)

Contents ... ... ... ... ... (iv)

Distribution (Detachable) ... ... ... ... ... (v)
(vi) Blank

SPrercis ... .. ... ... ... . .. ... ... ... 1

Conclusions ... ... ... ... .. .. . ... ... 1

2 Blank

Introduction ... . ... . ... ... 3

The Mathematical Model ... . ......... ... 3-12

The Experimental Measurements ... ... .... 12

Model Validation ... ... ... ... ... ... 12-13

Acknowledgements ....... ... 13

References ... ... 13-14

Appendix: FORTRAN listing of the water entry simulation ... 15-37
38 Blank

Document Control Sheet ... ... ... ... ... ... ... 39
~40 Blank

Abstract Cards (Detachable) ... ... ... ... ... ... 4i

ILLUSTRATIONS

Figure

1 The phases of water entry.

A typical light weight torpedo.

l'3 A typical air delivery parachute system.

4 hA body segment.

5 The geometry of water entry.

6 The variation of pitch angle and axial velocity with time.

7 I

f I I TI H IT it

UNCLASSIFIED/UNLIMITED



j UNCLASSIFIED/UNLIMITED 1.

A MATHEMATICAL MODEL OF WATER ENTRY. (U/U)

PR5C IS

1. A computer simulation of the water entry of an axisymmetric body with or
without a cruciform tail and with or without a parachute delivery system is
described. The predictions of the simulation are shown to agree with experi-

mental observations of water entry motion. The Fortran program which implements
this model is listed.A! CONCLUSIONS

2. Over the range of impact velocities (20 to 40 m/sec) which were experi-
mentally investigated using a full scale dummy torpedo, the simulation gave
reasonable agreement with the measured water entry behaviour. In addition a
limited comparison at higher impact velocities indicated that the possibility

of applying the simulation to a wider range of entry velocities was promising.

3. The principal areas in which future work could be carried out are in
improving the model of the splash, the cavity and the interaction of both the
body and the parachute with the cavity flow field particularly at low Froude
numbers.
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INTRODUCTION.

4. During the passage of a body from air into water a complex series of
forces act upon the body. The experimentally observed phenomena associated with
this water entry are described in detail by Waugh and Stubstad (Ref 1). These
various phases of water entry are summarised in figure 1.

5. At initial impact and during the subsequent flow formation momentum is
rapidly transferred from the body to the water in order to create a velocity
field in the water. During initial impact very high local pressures are
experienced, the amplitudes of which are dependent upon the physical properties,

including compressibility, of the body, of the water, and of the air. However
the actual force and moment impulses are comparatively independent of com--
pressibility effects.

6. The flow field contains regions of low pressure and consequently cavita-
tion occurs. Initially, figure lb, the cavity is open to the atmosphere.
During this open cavity phase the pressure in the cavity under the body may be
significantly lower than the, near atmospheric, pressure in the upper part of

the cavity. As the cavitation number increases the cavity closes, figure lc,
and progressively decreases in size.

7. Some of the air which was originally sucked into the cavity is lost by
entrainment at the rrof the cavity. Depending upon the initial entry con-

ditions of the body, the tail may momentarily, intermittently, or continuously
contact the wall of the cavity, figure id. Finally the cavity collapses, the
body slips out of any remaining air bubble, figure le, and becomes fully wet. !

8. The work which is described here seeks to predict the forces which are
applied to the body during these various phases and' thus to predict the result-
ing motion of a body during water entry. Although the mathematical model is
of an analytical nature many of the coefficients and functional relationships
have been determined empirically by comparison vith the work of other experi-
menters and by comparison with a series of measurements which were made speci-
fically to assist in forming and validating this model.

9. It is intended that this mathematical model should be applicable to the
water entry of any axisymmetric body, with or without an axisymmetric parachute.
However the actual simulation was derived with particular reference to a light-
weight torpedo. A torpedo may be launched from a surface ship using above
water torpedo tubes and a typical torpedo is shown in figure 2. The torpedo may
also be delivered by an aircraft using a parachute as shown in figure 3. In
addition a torpedo may be fitted with a frangible ncse cap which is designed
tn attenuate the initial shock at water impact.

THE MATHEMATICAL MODEL

Reference frames

10. The orientation of a body in space is usually defined by the three Euler
angles, roll (4), pitch (e), and yaw (i), however this representation possesses
a singularity when the body is pitched at ninety degrees. The quaternion four
parameter system, first described by the Irish mathematician Sir W B Hamilton
(Ref 2), which also may be used to define the attitude of a body in space
nvercomes this singularity.

11. Tf a moving ze or rigut handed axes (x,y,z), fixed in a boay, ýie
obtained from the m co-ordinate axes (xsysxs), fixed in space, by

UNCLASSIFIED/UNLIMITED
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rotating the space frame of reference through the angle p about the unit
vector (ass6,Ys) then the quaternion parameters, e, describing the orienta-

tion of the body axes relative to the space axes are defined as:-

e = cos520 2

el ysiinin i

e sin
2 - s 2

eC - CCs 2n -2 (1) 2

e3 Ys sin n

It Pay be seen that :-

Ze =1 (2)

I pa terms of the three Euler angles the quaternion pa-ameters are given

+e C i OS e 32 Ce e--2e e se sin +ie
2 2 2 2 2

e 0 1 Cos sin 2 ½in
2 2 2 2

2 Li 2 2

Iz
3(3)

S Tie t,":.- rxnrat ion matrix, Thich relates the body fr f reference to
Lg,• pac c ora of reýfeorenc e, i s:

_ 2 ;e2- e_e 2 2ele2_ 2eoe3 2e e +2ee
0o~l e 2 3-e2 03 o 2 1 3

31 -, +o. 220e12+e2_3 2 1

•e~eo •..].2 2_ 2e3 2eol 24

2c .e_.-2e eO 2eoel+2e e3 e e el 2+e 3

1)4 1'hct(, rmino.logy.
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will be used for convenience. In the space frame of reference the unit vector
X is the body x axis, the unit vector Y is the body y axis and the unit vector
Z is the body z axis.

The equations of motion

15. The origin of the body fixed axes is chosen so that the x axis is the axis
of symmetry of the body and so that the co-ordinates of the position of the

centre of gravity are (O,yg,zg). If the body, of mass m, axial moment of
inertia Ix and transverse moment of inertia ly, is moving with linear velocity
(u,v,w) and angular velocity (p,q,r) under the influence of external forces

(Fx,Fy,Fz) and moments (Lx,Ly,Lz) in a gravitational field g then the equations
of motion are:-

m + -r + wq + yg(pq - 1) + zg(pr +4)- gX 3 ) =

m ( - + ur - yg(r 2 + p2) + zg(qr - 3 gY3 ) -

m uq + (e + yg(rq + ) - Zg(P2 + q2) gZ 3 ) = F7 (6)

+ m * uq + vp~ - zg(4ý - wp+ ur) + g(zgY 3 g3 =
y + (Ix - Iy) rp + m zg (=L vr + wq - gX3 = Ly

Izf + (Iy - Ix) pq + m yg (vr A - wq + gX3) = Lz

The geometry of water entry

16. In order to predict the external forces and moments applied to the body
it is first necessary to determine which parts of the body are in contact with
water.

17. The shape of the axially symmetric body is defined by a table of axial
distances, x, and the corresponding radii, R, so that the body is divided into
a number of segments, one of which is shown in figure h. From this table of
values the following segment parameters are defined:-

segment 'x' co-ordinate = x = (xn + xn+l)/2

segment radius = R = (Rn + R n+l)/?n n+2.(7)

segment width = dx = xn - xn+1

segment angle a = tan-' ((R - R )/dx)
n+l n

18. The geometrical problem which must be solved in order to determine which
areas of the body surface are wet is shown in figure 5. For an area of the
body to be in contact with water it is necessary that the area be both beneath
the sea surface and not in a region of cavitation.

Sea surface condition

19. Tf the unit vector in space out of the sea surface is n , then in the body

co-ordinate system this is;-

UNCLASSIFIED/UNLIMITED
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The body segment, in body co-ordinates relative to the centre of the segment
may be defined as (0, R cos 8, R sin 8). Hence the intersection of the
segment with the sea surface is defined by the two roots 81, 82 of:-

(0, R cos 8, R sin s) . n = d (9)

where d is the normal distance between the plane of the sea surface and the
centre of the segment. Equation 9 has a solution if:-

ga2 j< 1 (10)
12 R(n y+ nZ)

IWhen there is no solution the sign of d determines whether the segment is com-
pletely above or completely below the sea surface.

Cavitation condition

20. The pressure distribution, cavity detachment angles, and cavity shapes,

described by Knapp, Daily and Hammitt (Ref 3), for a number of axisymmetric
bodies were studied. The empirical conditions for cavity detachment are chosen
to be that the cavitation number, a, is less than 0.3 and that the local angle
of incidence, i, of the body surface to the flow is:-

sin(i) = 0.152 sin (i ) + 0.608 sin3 (is) - 0.34 exp (- R cos akd
M m dx

- 0.36a + 0.28 sin2 (4 ) (I-,)

WCi*e is 0 the maximun local angle of incidence and ib is the incidence of the

21. If the velocity is assumed to be constant over each segment of the body
ithen the local incidence, i, of a point at angular position 8 on a segment is:-0',

(•i. . u.ina + (vcosoý + w sin•) Cos a)/(u¼+v2 +w22 (12)
S S sS s

E.hf(U ,v-*.< is the velocity of the centre of the segment. By equating i

to I.., eqeaation (11) the cavitating sector is found in terms of 0. However
J I

U Sin sa- ( 2)cos a > sin (i) (u 2 +v2 +w2 ) (13)

then there is no cavitation and if:-

U3 sin a + (v 2-+w) Cos a < sin W) (u2+2+wV 21)+)
s s s s s

trhen the whole sotenent is eavitating and a cavity is assumed to be thrown off
from the Lody at this segment.

22. This ca1vity is assumed to be an ellipsoid of revolution with its major
axi-s aligned to the flow direction and with:-

UNCLASSIFIED/UNLIMITED



UNCLASSIFIED/UNLIMITED 7. 1
semi major axis = a 0 O.4 sin(i)Re% (1 + R cos c 1)/a (15)

ef dx:

semi minor axis = b = Ref + 0.13a (16)

where the effective segment radius R is

2 u2+vw2 2
Ref = R(u s +vwS) I(us- (v2 +w2) s tan a) (17)

The origin of this ellipsoid is found by fitting the radius of the cavity to the
effective radius of the segment. Initially, after impact, the size of this
cavity and the pressure of the air entrained within it are defined as empirical
functions of the distance travelled in water.

23. If an ellipsoidal cavity is present then the wetted sectors of segments
which are downstream of the inception of this cavity are determined by solving
for the intersection of each body segment with the cavity.

The external forces and moments

24. The external forces on the body are divided into those forces resulting
from quasi steady state pressures and those forces which are associated with
'added mass' effects.

Steady state .ress'ire forces

25. The mass of water, of density p, displaced by each wetted sector is:-

dm = pR2 dx ( - S1 - sin (a2-B1))/2 (18)

therefore, in the body frame of reference, the buoyancy force on each segment
is:-

dF = dm g (X, Y3' Z3) (19)

26. The dynamic pressure on the surface of the body is defined to be propor-
tional to the square of the normal component of the velocity of the surface.
The normal component of velocity, V,, at angular position 8 on a segment is the

scalar product of the velocity of the surface and the unit vector normal to the
surface at that position ie:-

V = ((u,v,w) + ((p,q,r) x (x,RcosS,Rsin8))) . (sina, cosacosa, sin~cosa)

(20)

The magnitude of the pressure force, dF, on tae elemental area, RdB dx/cos a,

is:-

dF = ) 2 RdSd (21)2 a VCD Cosa

whcr Ci s the force coefficient.•D

UNCLASSIFIED/UNLIMITED
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27. If a constant velocity, V, is chosen to be of the same order as V

then to a first approximation:-I 2

V V0 (2V8 ) ao22)

Substituting this linear expression for V into equation (21), resolving d

into the body frame of reference and integrating over the whole segment yields:-

82

dFx -2p CD VR dx tan a (2V V dB

$2I 6I
18

a2

dFz p C V R dx (2V 8 - ) sin d8

The iaomeni, jL, of dF about the origin is:-

dL (x, R cos 8, R sin B) x dF (24)

Jt: dL (Ox tan a - x) (0, dFz, -dF ) (25)

The external forces and moments applied to the body by quasi steady state
pc:2:",- s aro obtained by summing dP and dL over all of the segments of the

1 -i rr~mc' of forces associated with the momentum of the flow field
. 1rr-,unng the partially wet body during water entry was first emphasised by
V i: .Zmran (h~f 4). The linear momentum M, and the angular momentum, H, of the
flow fi -1i surrounding the body may be defined by:-

- X. X. x. x. x. X. u
i Y. Y, Y. Y . Y. Y Iy 11 v w q

= v W p q r 1 (26)
ji K. K. K. K. K. K.i Ip

x u v W p q r

1. N. N. N. N. N
_ S_ W p :J _ _L
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The six by six array is the added mass matrix which is discussed in detail by
Imlay (Ref 5). The resulting forces and moments acting on a moving body are:-

dM
F = - + ((p,q,r) xM) (27)

dH
and L = t- + ((u,v,w) x M) + ((p,q,r) x H) (28)

29. in order to evaluate the added mass matrix it is assumed that associated
with every element of area, Rdgdx/cos a, is a volume of fluid, Rhd~dx/cos a,
so that h is ameasure of the distribution of added mass upon the body. In addi-
tion it is assumed that only the component of velocity normal to the surface
imparts momentum to the associated volume of water. The element of linear
momentum normal to the surface at angular position 8 on a segment is therefore:-

dM = V p Rh d$ dx/cos a (29)

where V is given by equatio-. (20). Integrating over a whole segment gives the

fluid linear momentum associated with the wetted sector of the segment expressed
in the body frame of reference:-

02

dM p R h dx tan a f V8 d$

81

a2

dM =p R h dx f V acos do (30)Y

02

dMz p R h dx Va sin 8 do

%,ngular momentum about the body origin is:-

dH = %x, R cos 0, R sin $) x dM (31)

ie dH = (R tan a - x) (0, dM , -dMy) (32)

30. The coefficients of u,v,w,p.; and r in equations (30) and (32) are
equated to the identical coefficients, comprising the added mass matrix, in
equation (26) and hence the contributions of each wetted sector to all 36 of the
added mass derivatives are obtained. The total added mass matrix is formed by
summing the individual cont2ibutions from each segment of the body.

The solution of the equations of motion

31. Noting that T and--t contain the rates of change of the added masses in

addition to acceleration terms, the total forces and moments both due to the

UNCLASSIFIED/UNLIMITED
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added mass effects, equations (27) and (28), and due to thm steady state
pressures, equations (19), (23) and (25), are summed linearly and substituted
into the equations of motion, equation (6), which may then be expressed in the
formi: -

du

dv

LA] dP t L ] (33)
dq

Ldr

where A is a six by six matrix defining the total inertias of the system, B
a Six by one matrix defining the steady state external forces and C is a

six by one matrix defining the changes of momentum which have occurred during
the time interval, dt. The equations of motion are expressed with dt as a

multiplicand in numerical integration of these equations

may oc performed through the indetc'minate accelerations associated with the
wetting of an incompressible body by an incompressible liquid.

At ealh cycle of the numerical integration of the equations of moTdion
ttlinear equations (33) are solved to yielId the v "locity

Tc~.½,!enta fom which the <-in-ar and angular velocities of the body are up-

>...t•.. I-n aJdition The orientation and position in space (x ,y oz) of the
oc, are obta ined by integrating the kinematic relationships:-

Fo -P -q -r]

14j2L P Ei r q

' 2 1 e

-- q . - r 0 P -

r q -p 0

I'-o

LW L . 5L I

D csi-on r-,'te-..eia s-imualation

3;. A 'OCTRAi progrrrn which generates and integrates equations 33, 34 and
3ý5 i; listed in the appendix,

S
1i. This p;'ogram require3 the shape of the body and the added mass distribu-

tior, to Lc supplied ab input data. The added mass distribution is somewhat
suuoct ive, however i- is helpful to consider some examples "hich will assist
in c2ý,i~mating the added mnss nistribution parameter, h. Lamb (Ref 6, p !44)
indicates that on each side of a flat disc the added mass distribution is
given by:-

D-N CLASSIFIED/UNLIMITED
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"2 R2 R22
iih it - (36)

where R is the radius of the disc and Rh is the radial position at which h is

defined. On p.155 of the same reference it is shown that:-

a R/2 (37)

for a sphere of radius R and that

h = R (38)

for the sides of a long cylinder of radius R.

35. In addition to the basic model described in the previous paragraphs the
simulation also includes the effects of a horizontal steady wind and a simple
sea motion. it is assumed that the body is small compared to velocity gradients
in the sea and that the sea velocity potential, 4, may be represented by
(Ref 6);-

ac exp (-wzo) cos W (xo-ct) (39)

where a is the wave amplitude, c is the wave celerity, and w is the wave fre-
quency. Typical values of a, c and v are tabulated by Lofft and Price (Ref 7).

36. The model allows the addition of cruciform tail fins and/or a shroud
ring tail. These tail surfaces ire assumed to have a linear relationship between
force and incidence at small angles of incidence.

37. The underpressure effect which occurs during the initial period of oblique
water entry is represented in the simulation by a local pressure reduction in
the cavity on the underside of the nose of the body.

38. It was experimentally observed that the tail, when in contact with the
cavity wall, experiences an upward force which is thought to be due to the
gravity effect described by Knapp, Daily and Hammitt (Ref 3, p.251). This
effect is represe'xted in the simulation by an additional upward velocity field
superimposed on the rear of the cavity at low Foude numbers.

39. When the body is fully surrounded by a single fluid, before impact or
after deep cavity collapse, then the external forces on the body are represented
by force derivatives in the usual way (eg Ref 8, p.196 ).

4O. The simulation has a provision for the shape of the body to change after
a prescribed amount of kinetic energy has been dissipated during water entry.
This facility may be used to represent a frangible nose cap.

41. The simulation, as listed, will not be valid for body angles of incidence
greate.r than about 1350 as any axial cavity from the tail will not be modelled
correctly.

42. The mathematical model described on the previous pages may be applied to
an axisymmotric parachute. The simulation listed in the appendix allows a
parachute to be attached to the body via elastic rigging lines.

43. oho additional rorces applied by the rigging lines to both the parachute
and the body are obtained by deriving the strain and strain rate of each line

UNCLASSIFIED/UNLIM4ITEB
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from the known position and velocity of the body relative to the parachute.
The equations of motion of the body and of the parachute are then evaluated
independently.

44. In the previous paragraphs the principles of the water entry simulation
were described. The reader who wishes to explore the detailed implementation
of these principles may do 3o by studying the appendix.

THE EXPERIMENTAL MEASUREMENTS

45. The difficulties associated with scaling water entry behaviour are dis-
cussed by Knapp, Daily and Hammitt (Ref 3, p.5 4 8 ). In view of the many
uncertainties associated with extrapolating small scale model measurements
up to full, scale the experimental measurements required to improve and vali-
date the mathematical model were carried out at full scale.

46. An instrumentation system, designed to record the motion of the body

and described by Coman (Ref 9), was fully contained within the dummy torpedo
and comprised, three rate gyroscopes to measure the angular velocity vector,
three accelerometers to measure the linear acceleration vector, and a solid
state digital recorder. The trajectory of the body was obtained by integrating
the recorded angular velocity and linear acceleration as described by Coman
(Ref 10). The sensor signals were also recorded for a ten second period

before release and this data was filtered to provide the attitude of the body
at release for the initial conditions of the attitude integration. The
initial conditions for the velocity integration were measured optically.

4r. In order to isolate the influence of the parachute and determine the
characteristics of the body alone the first set of measurements were carried
out by projecting the dunmy torpedo alone,without any parachute, into the sea.
A second series of measurements were then made with parachutes, the torpedo
and parachute'being released from a helicopter. It was interesting to note
that by commencing with the buoyant dummy torpedo, assumed stationary, on the
sea surface at the end of a drop and then integrating the measured motion back-
wards through water entry and through the flight in air it was possible to
determine the velocity of the delivery aircraft and that this value agreed
within 1 m/sec with the optically measured aircraft velocity.

MODEL VALIDATION

46.Some typical results of the experimental measurements along with the
procictions of the simulation are shown in figures 6, 7 and 8. The body's
rditch angle, 6, in degrees and axial component of velocity, u, in metres per
zecond are both plotted against time in these figures.

49. Figure 6 shows the water entry behaviour of the bare torpedo projected
into a calm sea at approximately 30 m/sec, at a trajectory angle of 200 below
the horizontal, and with zero incidence to this trajectory. Water impact
occurs at approximately 0.3 seconds and during the initial phases of water
entry a nose down rate of turn is imparted to the body by the reduced pressure
region under the nose. At approximately 0.6 seconds the tail hits the top of
the cavity, in this region the simulation diverges a little from the measure-
ments however this particular tail slapping behaviour was found to be not
experimentally repeatable in detail.

50. In the drops described in figures 7 and 8 the torpedo was fitted with a
parachute. In figure 7 a conical ribbon parachute of approximately 2 metres
flying diameter fitted with 7.0 metres long rigging lines was employed, the

UNCLASSIFIED/UNLIMITED
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torpedo was released at a height of 225 metres above sea level, water impact
occurred approximately 9.5 seconds after release, and the pitch angle at impact
is almost vertical. In figure 8 a ringshot parachute of 2 metres flying dia-
meter fitted with 3.5 metres long rigging lines was used, the torpedo was
released at a height of 60 metres, water impact occurred approximately 4 seconds
after release and the pitch angle at impact is about 55 degrees,

51. In figures 7 and 8 and, indeed, in all of the parachute drops which were
made it was found that the simulation predicted higher frequencies of oscilla-
tion of the body in air then were observed. It was not possible to offer a
satisfactory explanation for this inaccuracy of the simulation.

52. All of the measurements which were carried out in support of the mathe-
matical model described in this note were at impact velocities of between 20
and 40 m/sec, however a limited amount of work was carried out to compare the
simulation with the 150 m/sec entry velocity full scale measurements described
by Waugh and Stubstad (Ref 1, chap 5). At this higher impact velocity it is
to be expected that the influence of the underpressure effect will be reduced.
Head shapes 'a', 'g', 'I' and 'n' were simulated and good agreement with the
water entry whip (Ref 1, fig 5.9) and with the zero cavitation number drag
coefficient (Ref 1, fig 5.11) were obtained indicating that this simulation may
be applicable to a wide range of impact velocities.
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APPENDIX 15. zj

(2 FORTRAN LISTING OF WATER ENTRY SIMULATION
C
C.1 S.I. UNITS ARE USED

C LENGTH IN METRES
C TIME IN SECONDS
C FORCE IN NEWTONS

C MASS IN KILOGRAMS
C ANGLE IN RADIANS
C
C THE PRINCIPAL VARIABLES IN THIS PROGRAMME ARE:-
C NAME OF VARIABLE DESCRIPTION
C BODY PARACHUTE
C VBOD(1) VPAR(1) U )
C VBOD(2) VPAR(2) V ) COMPONENTS OF LINEAR VELOCITY
C VBOD(3) VPAR(3) W )
C VBOD(4) VPAR(4) P )
C VBOD(5) VPAR(5) 0 ) COMPONENTS OF ANGULAR VELOCITY
C VBOD(6) VFAR(6) R )
C VBOD(7) VPAR(7) EO )
C VBOD(8) VPAR(8) El ) QUATERNION ATTITUDE REPRESENTATION
C VBOD(9) VPAR(9) E2 )
C VBOD(IO) VPAR(lO) E3 )
C VBOD(11) VPAR(11) X )
C VBOD(12) VPAR(12) Y ) POSITION OF C.G. IN SPACE
C VBOD(13) VPAR(13) Z )
C

C XBOD XPAR )
C YBOD YPAR ) TRANSFORMATION MATRIX
C ZBOD ZPAR )
C

C ADMBOD ADMPAR ( THE FIRST 6 COLUMNS IS THE MASS MATRIX
C ( THE 7TH COLUMN IS THE EXTERNAL FORCES
C BDMBOD BDMPAR OLD VALUES OF ADMBOD AND ADMPAR
C
C PWBOD(1) PWFAR(I) X/U2 )
C PWBOD (2) PWFAR (2) Y/V
C F'WBOD(3) WF'PAR(3) Y/R
C F'WBOD(4) F'WPAR(4) M/W ) IN WATER FORCE DERIVATIVES
C PWBOD(5) F'WPAR(5) M/Q
C PWBOD(6) PWPAR(6) X/UDOT)
C FWBOD(7) PWPAR(7) Y/VDOT) * NOTE**
C PWBOD(8) FWPAR(8) Y/RDOT) P****(4)=M/W EXCLUDES PERFECT
C FWBOD(9) FWPAR(9) N/RDOT) FLUID MOMENT WHICH IS CALCULATED
C F'WBOD(1O) PWPAR(1O) Y/V2 ) IN SUBROUTINE ENERT
C PWBOD(11) FWPAR(i1) Y/RV ) I.E.P(4)=M/W(TOTAL)+X/UDOT-Y/VDOT
C FPWBOD(12) FWFAR(12) M/W2
C PWBOD(13) PWPAR(13) M/QW )
C PWBOD(14) FWPAR(14) MASS OF DISPLACED FLUID
C PWBOD(15) PWPAR(15) (DISPLACED MASS)*(X CO-ORD OF C.B.)
C FWBOD(16) FWPAR(16) K/P ROLL DAMPING
C ;(11 F'ABOD PAFAAR IN AIR EQUIVALENT TO FWBODFWPAR

C
* PAPBR FULLY DEPLOYED VALUES OF PAPAR

C PWPBR FULLY DEPLOYED VALUES OF PWPAR

-



lb.

C
o1 Rf4Ol RPAR RELATIVE MOTION FIELD
C
o XAXBOD XAXPAR X CO-OR'S
C1 RALIBOD RAEIPAR RADILUS
C1 DAXBOD DAXPAR fix ) EXTEAýNAL SHAPE
o SINBOD SINPAR SIN(SLOPE))
Co COSBOE' COSPAR COS(SLOPE) )
o HTTBOD HTPAR EQUIVALENT HEIGHT OF ADDED MASS
(o ISbJ1BO) DEFINES TYPE OF' SEGMENT
Co ISW2BO

C, ISHE' COUNTS BROK~EN SHROUD LINES

DIMENSION ArBE(p)BIBr(y)VOI1)FAOI1)FW~l1)
1RBOD ( 6) , 5505< 6) , X'OE'( 3) YBOD(3) ZE4OD( 3) WATER(6)p
2XAXBOD(S0)tRAiBDD'(S0) tE'AX(ODl(SO),SINFOEI(5O),COSBcIs(so),
3ISWIB'O(50)YISW2B0(50) ,HTTBODl(50)
DIMENSION ADiMF*AR(617)9,SDMP'AR(6t6)IVP'AR(13),P'AFAR(16),PFWPAR(16),
1RPAR(6) vDPAR(6) sXPAR'(3) YPAR(3) vZPAR(3) ,PAPER( 16),rPWFPBR(16),P
2XAXFPARUO0),RAEIPAR(10o),DAxF'AR(Io),SINp'AR(lo),cosp'AR(Ilo,
31SHD(30)
COMMON/E'LOCN1/ TrSEAASEAW9SEACPCOMXCOMYWDIEPSURMyPSURMz,
1 SOTEMI ATSYSZ PSURECGJ E'URECGP SET 15' BET2D~tC3OJRP XAXOR, CAVA ,CAVB,
2SL4VYVZIATVZVYBET1CBNET2CBOF'UBOFVBOJFWF'CAVXAXRADEIAXSINA,
SCOSA, ISW1 ISW2. ITES, ICROSP IDEP9 IE'RYt,EOE'U, BOEV,SJYODWPFROT

o SY:#WEIB.DAT CONTAINS INITIAL CODiITIONS
CALL ASSIGN(l1,'S'rIWjEIB.f'AT' *0. 'OLDI', tiC', a)

C SY:WEPB.DAT CONTAINS THE DESCRIPTION OF THE BODY -

CALL ASSIGN(2. 'SY:WEPFB.DAT' .0. 'OLEi" 'NC', 1)
0 SY:OjUT.DAT" WILL. CONTAIN THE OUTPUT

CALL ASSIGN(3,'SY:#OUT.EIAr',o,'NEbJ','No',:)
o1 LENGTH IN TIME OF SIMULATION

REAEI( 120)TMAX
o1 TIME OF RELEASE OF PARACHUTE (TREL>TMAXtNO PARACHUTE)

REAE'(1.20)TREL
C TIME OF COMMENCEMENT OF INITIAL. DEPLOYMENT OF PARACHUTE

REA'( 1920 )TREL1
G TIME OF COMMENCEMENT OF EIEREEFING OF PARACHUTE

READ 1i20)TREL2'
TORQUE APPLIED TO STORE BY RELEASE LANYARD

REAM (I 20)TORLAN
C, TIME OF' ACTION OF TORLAN

READ(1. 20) TRELAN
C INITIAL TWIST IN SHROUD LINES

READ'( 1,20) TWA
C, NUMBER OF OUTPUT RECORDS REQUIRED

RLADi(l1 20)POINUM

C BOD:Y INITIAL CONDITIONS
10 REAE'(1.20)VBOD(I)
C WINE' VELOCITY COMPONENTS IN SPACE

READlp 20)WINt'X
READ( 1.20 )WINEIY

C SEA WAVE AMPLITUDE(EMETRES)



17. -"

READ(1,20)SEAA 17.

C SEA WAVE FREQUENCY(I/METRES)
READ ( I, 20 ) SEAW

C SEA WAVE CELERITY(M./SEC)
REA' ( 1, 20 ) SEAC

C UNIT VECTOR IN DIRECTION OF SEAC
READ(1,20)COMX
REAEI( 1 ,20)COMY

20 FORMAT(Fi3.5)
21 FORMAT(2F13.5)

L'030I=lt16
C BODY FORCE DERIVATIVES
30 READ(2,21)PFABO'( I ), PWBOE'( I)
C (TAIL IN CAVITY LIFT COEFFICIENT)(0.5

READE(2,20)CLBOE'

C (BODY IN CAVITY DRAG COEFFICIENT)*0.5
REALD( v2, 20) CDBOD

C MASS OF BODY
READ (2v 20) PMBOD

C Y CO-ORE OF BODY C.G.
READs(2,20)PYBOD

C Z CO-ORD OF BODY C.6,
READ ( 2,20) FPZBOEi

C BODY AXIAL MOMENT OF INERTIA
READ(2,20)PIXBOED

C BODY TRANSVERSE MOMENT OF INERTIA
READ(220 )F'IYBODl

C MAXIMUM BOriY RADIUS

REA[i(2,20)BODRAEI
C X CO-ORE' OF POINT OF ATTACHMENT OF' PARACHUTE

READ(2,20 )EIOEITL
C MEASURE OF ENERGY TO DESTROY NOSE CAP

READ (2 20) PIMP
TRAV=00I
IFIPIMP1=
T=O.0
FO ILiT=TMAX/F' I NUM
IFIRST=I
ISECON=1
D075IP ,6
D075J=1,6 .
BDMPAR(IvJ)=0.O

75 BEIMBOD( I IJh)=O.0
a.S NBOD=O

C BODY GEOMETRY TEM2=X CO-ORD, TEM4=RADIUS,
C TEMB=ADEEIED MASS HEIGHT

1 11=0 AND Jl=l ORDINARY BUOYANT SECTION
C I1=1 ANE' J1=1 FLOODED SECTION EG PARACHUTE CONTAINER

I I1=1 ANDI J1=0 CRUCIFORM TAIL
C I1=0 ANT' J1=0 SHROUD' RING TAIL
(.? SET TEM4=-1.0 AT ENE' OF COMPLETE BODY DATA BLOCK
C TWO DATA BLOCKS ARE REQUIRED FIRST WITH NOSE CAP( SECOND WITHOUT NOSE CAP
( IF PIMFP.'=O.O THE FIRST BLOCK IS IRRELEVANT
60 REAII(2,62)TEM2,T'EM4tTEMBI11JX

I. :1
,I



62 FORMAT(3F13,5P2I2)
IF(TEM4.LT.-0. 1)GOTO200
IF( Ii.NE4.I .OR.,J1.NE*J)00T06?
TEMS=TEM1 -TEM2
TEM6=TEM4-TEM3
TEM7=SGRT (TEMS*.1'E. MS+T'EM6*TEt16)
IF( (TEMS/TEM-/ .G1 .0.002)G0T065
TEMZ=O. 002*ABS( TEM6)
TEM7=SQRT (TEM5*CTEMS+TEM6*TEM6)

65 NBOE'=NBODl+1
XAXBOD( NBOD)=( TEM1+-TEM2 )/2. 0
RADBOD(CNBOD ) = TEM3+TEM4 )/2.0
HTTBODUNBOEO=(TEM8+TEM9)/2.0
E'AXBOD(CNOD ) =TEM5
SINBOD(CNBOD )=TEM6/TEM7
COSBOD C NBOD )=TEMS/TEM7
ISW1BO(NBOD)=I1
ISW2BO( NBOD)=J1

67 1=11

TEM1=TEM2 L
TC'EM3=TEM4
T EM 9=1'E MB
GOTO60

6000 ISECON=0
C PARACHUTE INITIAL CONDITIONS

VPAR( 1)=VBOD( 1)
VPAR (2) =VBOD ( 2) +BODTL.*VbODr (6)
VF'AR (3) =VBOD (3) -BODiTL*VBOD (5)
E'060501=4, 10

605n' VPAR'( I)=VBOD( I)
VPAR (11 ) =VBOD ( i1) +ý.)ODTL*XBOD (1)
VPAR(ý 12 ) =VBOD (12) +BODTL*XBOD (2)
VP'AR( 13) =YBOD C 13)+BODITL*XF4Ol( 3)

uSY:*WEPF¾DAT CONTAINS THE DESCRIPTION,, OF THE PARACHUTE
CALL ASSIGN(4y'SY:4WEPF¾D.AT',0,'OLDl'','NCý',1)

C' NUMBER OF SHROUD LINES
READ (4 950) NSHD

50 FORMA'f(12)
C OR-SIONAL STIFFNESS OF SHRýOUDi LINE SYSTEM

READ(4f 20)TWIST
LENGTH OF EACH SHROUD LINE

R'E'AD (4 v 20 ) T LFL
C TE AR ST R IP YIE LD LO0A D

READ(4. 20) TLFT
C TEAR STRIP EXPIRED LENGTH + TL-FL

r'tAD (4P20) TLFTL.
C TEAR STRIP BREAKING LOAD

READi(4, 20) TLF'F
CTLF'Ar TL-FB TL.FCy TLFP* DESCRIBE SHROUDI LINE STRESS/STRAIN

C, CHARACTERISTIC SEE 7000
READ(4920)TLF'AA

READ (4920) TLF*C
READ (4 9 20) TLFC I
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